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INTRODUCTION 
 Microbial antigens are considered to play a crucial role in the initiation 
of the chronic inflammatory responses that lead to periodontal disease
104
. The 
etiological role played by plaque in the initiation and progression of 
periodontal disease of periodontal disease was clearly established following 
Loe‟s experimental gingivitis studies.67 
 Several models have been proposed to explain the exact role played by 
plaque in periodontal disease. The Non-specific plaque hypothesis postulated 
that it was the quantity of plaque that determined pathogenicity without 
discriminating between the levels of individual bacteria and their virulence. 
According to Theilade (1986)
113
, periodontal disease occurred when plaque 
content with its toxins and metabolic products in totality exceeded the capacity 
of the host response. 
 The specific plaque hypothesis, proposed by Walter J.Loesche
68
, stated 
that the quality and not the quantity of plaque mattered as only certain 
microorganisms in plaque were thought to be pathogenic. It was postulated 
that specific bacteria were associated with specific types of periodontal disease 
such as Aggregatibacter actinomycetocomitans (previously known as 
Actinobacillus actinomycetocomitans) with localized aggressive periodontitis 
(previously known as juvenile periodontitis). 
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 Following the limitations of above mentioned hypothesis, Marsh 
proposed the „Ecological Plaque Hypothesis‟, wherein the biofilm was 
considered to be of paramount importance.   Environmental perturbations were 
considered to lead to the development of the subgingival biofilm and 
subsequently  periodontitis.
73
 
 Technological advances in DNA sequencing and bioinformatics tools 
led to the development of the Omics technologies. It was subsequently 
realized that every individual has a specific microbiome and a metagenome 
that is unique to that person. The development of 16s rRNA and subsequently 
the Next Generation Sequencing technologies lead to further characterization 
of the microbiome. 
 Human Oral Microbiome Database (HOMD) currently lists the entire 
set of organisms present in the oral cavity as a whole. Several ecological 
niches have been identified within the oral cavity, each with a distinct 
microbiome of its own
20
. Several anatomical (such as the epithelium of 
mucosal surfaces) physiological (fluid compartments such as saliva, GCF) and 
environmental (PH, oxygen tension, nutritional characteristics) factors have 
been described as being involved in the development of these distinct 
microbiomes
23
.  
 In the periodontal environment it has been reported that the 
supragingival and subgingival microbiome show distinct characteristics. The 
supragingival microbiome is dominated by bacterial populations that favour 
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aerobic, carbohydrate rich, neutral to alkaline PH environments. Conversely, 
subgingival microbiome is dominated by bacteria that thrive in anaerobic, 
protein rich, and acidic PH environments. Several studies have characterized 
the subgingival microbiome and well over seven hundred bacterial species 
have been identified, several of which are yet to be cultured
26,90,112
. It is also 
recognized that many bacterial species remain unidentified to date. 
 Currently, the pathogenesis of periodontal diseases is explained by 
“The Polymicrobial Synergy and Dysbiosis (PSD) Model”40. Hajishengallis 
proposed that dysbiosis and polymicrobial synergy were the key events that 
led to development of periodontitis
40
. According to this hypothesis, rather than 
individual bacteria, the biofilm as a whole was thought to be either health 
associated or disease associated. In a health associated microbial environment, 
there was considerable antagonism, as a result of which the virulence of the 
microbial population was suppressed and effectively countered by the host 
response. In disease states, dysbiosis occurred, where the microflora acted in a 
synergistic manner to enhance virulence of the biofilm and subvert the host 
response. He proposed that keystone pathogens such as Porphyromonas 
gingivalis, may play a role in this dysbiotic change, while pathobionts such as 
gram negative anaerobes  and gram positive anaerobes, enhance non 
protective  pro inflammatory responses that eventually damage host tissues. 
 Other than individual variations in the microbiome, considerable 
differences have been reported to exist across populations and ethnic groups.
87
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A variety of dietary and lifestyle patterns are thought to influence these racial 
and population based differences. 
 The subgingival microbiome in Indian population is yet to be 
characterized. The previous literature regarding microflora in Indian patients 
have all used closed ended RT- PCR techniques that are unable to identify the 
microbiome as a whole. 
 The current study was undertaken, as a first of its kind, to study the 
subgingival microbiome of Indian patients with periodontal disease using Next 
Generation Sequencing Technology. 
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AIM AND OBJECTIVES 
 To characterize the  subgingingival microbiome in periodontal health 
and chronic periodontitis using NGS technology  
 To compare the subgingival microbiome in periodontal pockets with 
that in healthy gingival sulcus.  
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REVIEW OF LITERATURE 
 Human body bacterial cells are estimated to outnumber human cells by 
10-times and that bacteria contribute more than 1,000,000 genes to the body 
while human (host) DNA contributes approximately 25,000 genes (Morgan 
2012)
80
.  The complex human microbiome represents approximately 90% of 
the cell count in and on the human body (Gill et al., 2006)
33
. These 
microorganisms contribute their genome, known as the metagenome, to the 
human body, multiplying human genes by approximately 100 times 
(Turnbaugh et al, 2007; Ling et al, 2010; Rajendhran and Gunasekaran, 
2010)
118,65,112
. The activity of the microbiome and, specifically, the expression 
of its metagenome provide the human with resources and traits that did not 
originally evolve with the body (Rajendhran and Gunasekaran, 2010)
112
. For 
example, the microbiome contains genes that allow humans to digest certain 
plant polysaccharides (Rajendhran and Gunasekaran, 2010)
112
. 
 There are various microhabitats throughout the body that contribute to 
the overall microbiome. The mouth, skin, gut, etc. each contains its exclusive 
microbiome and metagenome (Badger et al, 2011; Sonnenburg and Fischbach, 
2011)
5,107
. Each microhabitat maintains a unique ecosystem with distinct 
atmospheric and nutritional compositions that provide a setting for symbiotic 
interactions among the various microbes within that ecosystem and the host. 
Microbiomes from the same location on the body are more similar among 
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different individuals than microbiomes from different locations on the same 
individual (Sonnenburg and Fischbach, 2011)
107
.  
 The human microbiome can be classified into a core microbiome and a 
variable microbiome (Turnbaugh et al, 2007)
118
. The core microbiome is 
shared among all individuals and is comprised of the predominant species that 
exist under healthy conditions at different sites of the body (Turnbaugh et al, 
2007; Zaura et al, 2009; Sonnenburg and Fischbach, 2011)
118,128,107
. The 
variable microbiome is exclusive to the individual and has evolved in response 
to unique lifestyle, and phenotypic and genotypic determinants. Although 
individuals share microbiota at similar sites of the body, there are varying 
differences at the species and strain level of the microbiome that can be as 
inimitable to the individual as is the fingerprint (Dethlefsen et al, 2007)
22
. 
The concept of human oral microbiome  
 The microorganisms found in the human oral cavity have been referred 
to as the oral microﬂora, oral microbiota, or more recently as the oral 
microbiome. The term microbiome was coined by Joshua Lederberg ―to 
signify the ecological community of commensal, symbiotic, and pathogenic 
microorganisms that literally share our body space and have been all but 
ignored as determinants of health and disease‖ (Lederberg)62. The human oral 
microbiome is all the microorganisms that are found on or in the human oral 
cavity and its contiguous extensions (stopping at the distal oesophagus).  This 
term has been adopted by the Human Microbiome Project and considered as 
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the favoured nomenclature to define the complex oral bacterial community, 
their genetic elements and environmental interactions, which may be involved 
in disease (Dewhirst et al., 2010)
23
. 
 Members of the human oral microbiome were among the first bacteria 
ever to be observed. In 1683, Antonie van Leeuwenhoek used his microscope 
to observe a large number of what he named ―animalcules‖ in scrapings taken 
from his teeth. Over 200 years later, the seminal work of Koch, Pasteur and 
their contemporaries  identified the animalicules as microorganisms and the 
first isolates of cultivatable members of the oral microbiome were studied in 
the laboratory. 
 It is now well recognised that the oral cavity supports one of the richest 
and most diverse of all the microbial communities that thrive on the human 
body, second only to the lower gastrointestinal tract (Peterson et al., 2009)
92
. 
This diversity is mainly because of the unusual tissue types that exist in the 
mouth; teeth are the only example within the body of a hard tissue being 
naturally exposed to the external environment. Also, teeth are not shed or 
turned over in the manner of soft tissues or epithelia. Therefore, the oral 
microbiota has evolved mechanisms to exploit environments that are not 
experienced by other microbiota (Avila et al., 2009)
4
. The architecture of teeth 
and their juxtaposition with other teeth and supporting soft tissues provide 
various niches which are exploited by the microbiome. An overgrowth of 
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microbiome constituents yields dental plaque, which is commonly associated 
with oral diseases such as caries and periodontal diseases. 
 The oral microbiota comprises of bacteria, fungi, archaea and viruses. 
Most research to date has focussed on the bacterial component of the 
microbiota (Kolenbrander, 2000; Marsh, 2005; Siqueira and Rocas, 
2009)
56,73,100
, although exploration of other components including viruses and 
fungi have been reported (Ghannoum et al., 2010; Wylie et al., 2014)
31,125
. 
 Several lines of evidence indicate that bacteria are necessary for the 
development of inflammation in the periodontal tissues. Bacteria were 
implicated in periodontal disease with the observation that administration of 
penicillin inhibited periodontitis in laboratory animals (Mitchell and Johnson, 
1956)
75
, and the infectious nature of periodontitis was demonstrated by its 
transmissibility in animal models (Keyes and Jordan, 1964)
53
. The classic 
experimental gingivitis studies in humans by Loe et al. gives evidence of the  
resolution of inflammation after periodontal treatment involving mechanical 
debridement and animal models showing lower levels of bone loss in germ-
free and antibiotic-treated animals (Loe et al 1965, Hajishengalis 2011).
67,39
 
Role of plaque in periodontitis 
 Loe‘s experimental gingivitis recognized the etiologic role of plaque in 
periodontal disease and firmly established it was involved in the initiation and 
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progression of periodontal diseases. The ideas about how changes in dental 
plaque relate to a shift from oral health to disease have changed over time.  
Non-specific Plaque hypothesis 
 The Non-specific plague hypothesis was based on work of researchers 
Black (1884)
10
 and Miller (1890).
74
 This hypothesis postulates that it was the 
quantity of plaque that determines the pathogenicity without discriminating 
between the levels of virulence of bacteria. According to Theilade 1986, when 
plaque content with its toxins and breakdown products exceeded the capacity 
of host response, disease occurs.
115
 He also stated that all bacteria in plaque 
contribute to the virulence of the microflora by having a role in either 
colonisation, evasion of the defense mechanism, and/or provocation of 
inflammation and tissue destruction. 
 Non-specific plaque hypothesis is valid for the development of 
gingivitis but not for the development of periodontitis, which is a 
multifactorial disease (Page RC 1997)
87
. This concept also failed to explain 
why all gingivitis not progress to periodontitis and why some individuals with 
increased plague showed little overt periodontitis and some individuals with 
very little plaque manifested with aggressive and advanced forms of 
periodontitis (Socransky 1994)
10
. And also site specificity of the disease is 
inconsistent with the concept that all plaque are equally pathogenic. 
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Specific Plaque Hypothesis 
 The specific plaque hypothesis, proposed by Walter J. Loesche, stated 
that the quality and not the quantity of plague mattered as only certain 
microorganisms in plaque were thought to be pathogenic. When these specific 
bacteria increased in number, virulence factor released by them would lead to 
periodontal diseases. For example, Aggregatibactor actinomycetacomitans was 
identified as  a specific pathogen in localized aggressive periodontitis 
(Newman MG 1976, Slots 1976)
83
. 
 Following the development and maturation of dental plaque, with 
increase in probing depth, oral microbial flora specifically changes from gram-
positive aerobic species to gram-negative anaerobic species (Socransky 1998, 
Marsh PD 2011).
104,73
 
 Socransky and Haffajee in 1998 identified specific microbial groups 
with dental plaque. Six inter-related groups were reported.
104
 The yellow, 
green and purple complexes were the early colonizers that favour the 
colonization of orange and red complexes. Red complex bacteria without 
orange complex colonization were not usual. The red complex bacteria 
included Bacteroides forsythes (now Tannerella forsythia), Porphyromonas 
gingivalis and Treponema denticola and they were significantly associated 
with periodontitis. This failed to explain why the putative periodontal 
pathogens like Porphyromonas gingivalis, Tannerella forsythia are frequently 
found in healthy periodontal sites. 
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Ecological Plaque Hypothesis 
 Ecological plaque hypothesis was proposed by Philip D. Marsh in 
1994.
73
 This hypothesis stated that the disease is the result of an imbalance in 
the total microflora due to ecological stress, resulting in an enrichment of 
some oral pathogens or disease related organisms. More specifically, this 
hypothesis proposes that the nonspecific accumulation of plaque leads to 
inflammation within the gingival tissues and to the development of gingivitis. 
This leads to environmental changes within the gingival sulcus, which in turn 
favour the growth of gram-negative and proteolytic species of bacteria. These 
changes lead to further inflammatory and immune mediated tissue changes, 
further environmental changes and tissue destruction, culminating in a 
predominance of periodontal pathogens and a greater degree of tissue damage. 
Keystone Pathogen Hypothesis 
 The Keystone Pathogen Hypothesis indicates that certain low-
abundance microbial pathogens can cause inflammatory disease by increasing 
the quantity of the normal microbiota and by changing its composition 
(Hajishengallis et al., 2012)
40
. When disease develops and advanced stages are 
reached, the keystone pathogens are detected in higher numbers (Socransky et 
al., 1998)
104
. 
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Polymicrobial Synergy and Dysbiosis Model 
 Recently described Polymicrobial Synergy and Dysbiosis (PSD) model 
of pathogenesis states that periodontitis is initiated by a broadly based 
dysbiotic, synergistic microbiota as against the traditional view that it is 
caused by a single or several periopathogens like red complex bacteria 
(Hajishengallis et al, 2012)
40
. This dysbiotic, synergistic microbiota alter host-
microbe homeostasis and facilitate its transition to a chronic inflammatory 
state. Thus, the whole microbial community drives disease progression. 
 Tissue destruction, however, is mediated by the host and it is, 
therefore, the interplay between the subgingival community of 
microorganisms and local immune responses that ultimately drives bone and 
connective tissue attachment loss(Lamonte, Hajishengalis 2015)
61
.  
Subgingival Microbiome 
 The subgingival microbiome is the community of microorganisms 
inhabiting the subgingival environment.  Subgingival microbiome has been the 
subject of investigation for many decades. Subgingival microbiota and its 
complexity has been recognized since the 1st microscopic examination of this 
ecosystem by Van Leeuwenhoek in 1683 (Tal, 1980)
109
. Since that time, 
numerous studies have evaluated the composition of plaque using light and 
electron microscopy, cultural techniques and immunologic or DNA probe 
techniques. All techniques reinforce Van Leeuwenhoek's initial observation 
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that subgingival plaques are comprised of a large complex mixture of bacterial 
species. 
 The microbial composition of subgingival plaque at periodontally 
diseased sites has been extensively studied ( Haffajee & Socransky, 1994),  
Zambon, 1996).
36,127
 A series of cultural studies of subgingival plaque taken 
from subjects with different forms of periodontal disease and health reported a 
shift in the subgingival microbiota as the periodontium progressed from health 
through gingivitis to periodontitis (Moore & Moore 1994).
77 
 Although subgingival bacteria are the major cause of periodontal 
diseases, more than one-half of subgingival bacterial species or phylotypes are 
not readily cultivable, which presents an obstacle to fully understand the 
causal relationships between subgingival bacteria and periodontitis. To 
overcome the difficulties and limitations associated with cultivation, culture 
independent methods based on amplification and sequencing of bacterial 
genomes have been developed to identify thousands of different bacteria in a 
single sample. 
 Liu et al and Chen et al. investigated bacterial diversity between 
periodontal health and disease status using 16S rRNA amplicon sequencing 
and showed that there is a shift in the composition of the oral microbiota 
between healthy and diseased samples.
66,14 
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APPLICATION OF MICROBIOLOGICAL TECHNIQUES TO 
PERIODONTAL DIAGNOSIS 
 The earliest record of the use of the microscope for examination of 
gingival crevicular contents in health and disease can be traced to 
experimental microscopy in the seventeenth century. In 1683 Antonie van 
Leeuwenhoek described 5 types of animalcules obtained from scrapings on 
human teeth in a letter to the Royal Society. He then related the increased 
numbers of these animalcules to poor hygienic oral conditions and dental 
disease. He observed that good hygiene reduced the numbers of these 
microorganisms. The pioneers who formed the foundation for the new 
discipline of medical microbiology with their investigations were Louis 
Pasteur and Robert Koch.  
 W.D. Miller, from the United States working in Robert Koch‘s 
laboratory in Berlin, described the microbial contents of the human mouth. He 
hypothesized that periodontal infection was nonspecific and depended on host 
response as well as microbial pathogenicity.
74
 This nonspecific hypothesis 
persisted for more than 50 years. Cook, a contemporary of Miller, supported 
then on specific hypothesis and stated that his investigation also failed to fulfil 
the requirements proposed by Koch for the isolation of a disease-producing 
microorganism. Several bacteriological investigations were carried out but 
were unable to obtain pure cultures from deep pockets. 
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 The first attempt at postulating a specific causative organism occurred 
in 1915, when Bass & Johns proposed that an amoeba (Entamoeba gingivalis) 
as the causative agent for pyorrhoea. Smears of plaque collected from 
periodontal pockets, stained for amoeba was then used as a diagnostic tool in 
periodontal treatment.  Colyer (1910)
19
, had proposed the use of dark field 
microscopy for the evaluation of pocket microorganisms. Theodore Rosebury 
(1930) conducted a series of experiments to isolate the bacteria of etiological 
importance in periodontal disease. He concluded that the etiology for 
periodontitis was nonspecific and dependent on local and systemic factors 
controlling host resistance. Keyes (1965)
53
 proposed periodontal diagnosis 
using phase contrast microscopy to identify bacterial morphotypes. This was 
supported by other investigators using both phase contrast and dark field 
microscopy to identify morphologically the microorganisms associated with 
disease activity. Cultural studies have also focused on the identification of 
specific microorganisms associated with clinical disease activity. Several 
bacterial species have been reported to be associated with specific clinical 
diagnoses, such as rapidly progressive periodontitis and juvenile periodontitis.. 
 Recently, several studies employing DNA-based technologies revealed 
great richness of the healthy core oral microbiome, either via cloning and 
sequencing approaches of microbial 16S rDNA (Aas et al., 2008, Preza et al., 
2008, Riggio et al., 2008)
1,93,95
 or by revolutionary next generation sequencing 
methods (Keijser et al., 2008; Zaura et al., 2009).
51,128 
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The Culture Based Methods 
 Traditionally identification of the species in any given sample was 
achieved by growing it in vitro on suitable media. Culturing can be done on 
selective and non-selective media. Blood agar is a common non-selective 
medium as it allows growth of a broad spectrum of organisms (Samaranayake, 
2002)
98
. More specific media include Gram negative anaerobic medium 
supplemented with vancomycin to selectively allow growth of Gram negative 
anaerobic rods while inhibiting Gram positive bacteria (Samaranayake, 
2002).
98
 Another example of a selective medium is Staphylococcus spp. 
isolation on mannitol salt medium, as fermentation of this salt by 
Staphylococcus aureus will turn the medium from pink to yellow 
(Samaranayake, 2002).
98
 Laboratory culturing under special conditions and 
using a range of media has allowed isolation of a diverse range of bacteria. 
However, it is well recognized that the main drawback of this method is its 
narrow spectrum. It has been estimated that 50% to 60% of distinct bacterial 
phyla in oral cavity still have no cultivable representatives (Kolenbrander, 
2000, Vartoukian et al., 2010, Siqueria et al., 2013).
56,120,100
 Moreover, the 
culture-dependent technique is expensive, sensitive and needs a highly skilled 
individual. 
 There is a growing need for developing improved methods to cultivate 
and characterize the as-yet-uncultivated portion of the oral microbiome so as 
to unravel its role in health and disease (Siqueria et al., 2013)
100
. Theoretically, 
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all bacteria can grow under proper nutritional and physicochemical conditions 
(Clarridge et al., 2004)
18
. However, development of new improved culture 
media is still a challenging goal and is mainly due to the highly diverse 
microbial community present with each member having different nutritional 
requirements (Tian et al., 2010)
117
. Siqueria et al. (2013)
100
 has recently 
suggested a list of recommendations in order to cultivate the yet-uncultivated 
bacteria, such as the use of culture media with little or no added nutrients and 
addition of specific growth factors in the culture media. A very interesting 
strategy to ensure the availability of natural growth factors is to perform 
incubation in the natural environment using special devices (Kaeberlein et al., 
2002, Gavrish et al., 2008, Sizova et al., 2012)
49,30,101
 such as a diffusion 
chamber (Kaeberlein et al., 2002, Bollmann et al., 2007)
49,11
 or a hollow fibre 
membrane chamber (Aoi et al., 2009)
3
, which allow diffusion of important 
growth factors from a natural environment to the culture via a special 
membrane (Siqueria et al., 2013)
100
. 
 Though considered gold standard for identification and analysis of 
bacteria, bacterial cell culture has its own limitations. Only viable bacteria will 
grow, and stringent transport and storage conditions will be needed to identify 
those bacteria that are ‗cultivable‘.  Those that are not cultivable would remain 
unidentified.  This could be due to the fact that many species in the oral cavity 
are fastidious and require the presence of other organisms and very specific 
growth conditions.  If those conditions, that could even be unknown and 
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unexplored, are not provided, then the bacterial species that are the most 
fastidious will simply not grow in culture and will remain unidentified. 
Bacterial identification using newer molecular methods will surpass the 
limitations associated with culture based methods for identifying bacteria. 
However, cell culture is still essential to assess bacterial sensitivity to 
antibiotics and, also for verifying the presence of known species 
Immunologic and enzymatic assays 
 The antibody-based detection systems help in more accurate detection 
of targeted species. Raising of antibodies to each species of interest needs 
growing the organism in culture before inoculating an animal and raising 
antibodies to the bacterial antigens. This method was used to explore the 
prevalence of target species in the healthy and disease population and to 
identify the changes in these species either naturally or in response to 
treatment (Wolff, L.F., et al, 1993, Loesche, W.J., et al.,1992)
123,69
.  
 Limitation of immunological assays is that the target organism has to 
be cultured to raise antibodies against it. This makes this method useful only 
for cultivated species. The antibodies cross reactivity can be tested only on 
cultivated species and cannot be done on uncultivated or unknown species. 
DNA – DNA hybridization or checkerboard 
 DNA-DNA hybridization is a molecular approach that has been used in 
a large number of studies. This method detects bacteria based on hybridization 
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of target species to labeled genomic DNA that has been attached to nylon 
membranes previously. The levels of a limited number of species have been 
studied with this method in adult periodontitis, periodontal health, refractory 
periodontitis and response to therapy (Loesche, W.J., et al.,1992, Gmur, 
R.1990, Ximenez-Fyvie, L.A., 2000, Socransky 2002, Haffajee,1998, Feres, 
M., et al.,2001)
69,34,126,106,37,27
. They used data from population based studies 
and grouped 40 species that were found in clusters or ‗complexes‘ by 
comparing the levels of these species in health and disease. Three species, 
Porphyromonas gingivalis, Tannerella forsythia (Bacteroides forsythus) and 
Treponema denticola, were found to be significantly increased in disease when 
compared to health. These three species were grouped into the ‗red complex‘ 
bacteria. Chairside Diagnostic tools were available based on assays that detect 
these species. Red complex bacteria were thought to be the primary etiological 
agents for more than 30 years and therapeutic intervention to eradicate these 
species were also considered. DNA-DNA hybridization has the advantage of 
detecting multiple species from each sample simultaneously. But this method 
is also depends on culture technique to cultivate the target species for creating 
genomic probes. Like antibody-based assays, cross reactivity can be verified 
only with cultivated species and so specificity of the probe is an unknown 
variable. Selected species may not be representative of the entire microbiome 
and while result interpretation this fact should be considered. 
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Polymerase chain reaction 
 Kary Mullis in1993 (Mullis et al., 1987)
82
 first developed the 
polymerase chain reaction (PCR) and this technique amplifies specific genes 
or parts of genes which then to be used to identify the bacterial species they 
originated from. PCR-based methods were used by researchers in their studies 
to detect specific species directly from oral samples. They focused mainly on 
the identification of a few species associated with the putative periodontal 
pathogens, such as Porphyromonas gingivalis, Tannerella forsythia, 
Treponema denticola, and Aggregatibacter actinomycetemcomitans (de Lillo 
A,2004,  Leys EJ, 2002, Okada M, 2005, Sanz M, 2004, Tanner AC, 
2006)
21,64,85,99
. In previous sequence analysis of 16S rRNA genes from oral 
microflora, a number of bacterial species were identified as candidates as 
putative pathogens for periodontitis, that includes the traditional species, such 
as P. gingivalis, T. denticola and T. forsythia (Paster BJ, 1998)
89
. Species 
specific PCR primers were designed and used in individual PCR reactions to 
detect the prevalence of target species in plaque samples of healthy subjects 
and diseased subjects (Kumar PS, 2005)
59
. These studies confirmed that 
several more species, including uncultivated, were associated with oral health 
or periodontitis. 
Real -time polymerase chain reaction 
 Real-time PCR is also referred to as qPCR, qRT-PCR, RT-qPCR and 
kinetic PCR. The procedure relies on the same basic principles of PCR; the 
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additional feature is that the amplified DNA is detected and quantified 
simultaneously as the reaction progresses in real-time. Real-time PCR has 
been used to detect and quantify several periodontal pathogens including A. 
actinomycetemcomitans, Porphyromonas gingivalis, Prevotella intermedia, the 
tetQ gene and total bacteria, in clinical samples. 
Open-ended approaches 
 Open ended approaches allow identification even uncultivated and 
previously unknown species. These approaches are based on 16 S rRNA 
sequencing. This approach has been used to study the microbial population in 
different ecosystems, enabling the characterization of hitherto uncultivated 
microbial communities (Pace, N.R., 1997, Frank, D.N., 2003)
29,86
. Using this 
approach, the diversity of different colonization niches in the oral cavity has 
been explored (Paster, B.J., et al., 2002, Becker, M.R., et al., 2002)
90,7
 . 
16S rRNA SEQUENCING ANALYSIS 
 One of the introduced culture-independent approaches is based on 
amplification and analysis of the 16S rRNA genes in a microbiome sample 
(Spratt, 2004)
108
. 16S rRNA has proven to be the most useful phylogenetic 
marker to identify bacteria and to determine their evolutionary relationships. 
Ribosomal RNA gene is essential for life and present in all prokaryotes. It 
contains nucleic acid sequences with highly conserved and variable regions. 
The conserved regions are used to design universal PCR primers capable of 
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recognizing segments of the 16S rRNA gene sequence of all bacterial species. 
The hypervariable regions can be used as signatures to discriminate one 
species from another. 16S rRNA gene is large enough (about 1500 bases) to 
provide sufficient sequence variability among bacteria, thereby making 
comparisons possible at different taxonomic levels. This method is truly 
culture-independent in that bacteria can be identified within a sample without 
the need for culture.  
NEXT GENERATION SEQUENCING TECHNIQUE 
 The next-generation sequencing is done by repeated cycles of 
polymerase-mediated nucleotide extensions or by machinery automated 
cyclical ligation of oligonucleotides (Mardis 2008, Voelkerding et al., 
2009)
71,121
. Huge amount of nucleotide sequence output is given as millions of 
reactions occur in a massively parallel process in a single machine run. The 
three commonly used platforms for massively parallel DNA sequencing at 
present are the Roche/454 FLX (Life Sciences, Branford, CT, Margulies et al., 
2005)
72
 and Illumina/ Solexa Genome Analyzer (Illumina, San Diego, CA, 
Bentley DR, 2006, Korbel et al., 2007)
57
 Applied Biosystems ⁄ SOLiD (Life 
Technologies, Carlsbad, CA, Mardis 2008, Voelkerding et al., 2009)
71,121
. The 
most recent powerful NGS platforms with a significant reduction of the run 
time and remarkable data output, include HiSeq and the Ion Torrent Personal 
Genome Machine (PGM) (Rothberg et al., 2011)
96
. 
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 First-generation systems have two consistent themes, the ligation of 
DNA fragments with oligonucleotide adaptors and the fragments 
immobilization to a solid surface, such as a bead. The purpose of the adaptors 
are, to anchor the fragments to a solid surface and to serve as primers for 
amplification and ⁄ or sequencing. 
 In Roche ⁄ 454, in addition to the common theme, it is based on 
pyrosequencing technology. The protocol includes (i) clonal amplification of 
templates on beads; (ii) deposition of the beads onto picotiterplate wells; (iii) 
controlled delivery of deoxyribonucleotide triphosphates by laminar fluidics, 
and (iv)a high resolution charge-coupled device camera that detects the 
luminescent burst upon deoxyribonucleotide triphosphate incorporation. 
Advantage of 454 sequencing is its long read lengths (400–500 nucleotides) 
and the amount of sequence generated (0.5 Gb) (Mclean 2009)
70
. The long 
reads can handle repetitive regions better than other nextgeneration 
sequencing systems. A major weakness of the 454 sequencing system is that 
sometimes more than one nucleotide is incorporated in the DNA template 
during a cycle, making it difficult to resolve homopolymeric stretches of 
sequence (e.g. CCCCC or AAAAA). 
 SOLiD system can generate 4 Gb of sequence but the reads are only 
35 nucleotides (Voelkerding KV, 2009)
121
. The two-base encoding system 
provides better sequence fidelity than the one-base next-generation sequencing 
systems. The weakness of the SOLiD system is, that it yields biased sequence 
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coverage in AT-rich repetitive sequences (Harismendy O, 2009)
41
 and only 
35% of the raw reads are useable, compared with 95% for the 454 system. 
Another weakness is it requires long run times. 
Illumina/Solexa Genome Analyzer  
 Acquired by Illumina in 2006, this highly targeted NGS approach 
provides more sequence reads per run, than previous methods thereby 
allowing for more in depth coverage (Bentley, 2006; Korbel et al., 2007; 
Bentley et al., 2008)
8,57,9
. The Genome Analyzer uses  a specific number of 
cycles, where fluorescently labeled reversible-terminator nucleotides are 
detected on clonally amplified DNA templates  that are immobilized to an 
acrylamide coating on the surface of a glass flow cell (Bentley, 2006, Korbel 
et al., 2007; Bentley et al., 2008)
8,57,9
.  
 In the Solexa system, the targets are amplified on a solid surface. After 
amplification, only one of the strands is sequenced with all four 
deoxyribonucleotide triphosphates present during sequencing (not one at a 
time, as in the case of the 454 system). Each deoxyribonucleotide triphosphate 
has a unique fluorophore. Reversible terminator nucleotides (also called cyclic 
reversible termination (Metzker 2010)
76
 are used to prevent the insertion of 
multiple nucleotide bases in the same cycle. In detail, the DNA is fragmented 
and adaptor sequences are added to each end of the fragments. The fragments 
are then sent to a lawn of immobilized oligonucleotides that are grafted to the 
surface of a microfluidic chamber. The DNA templates are hybridized to the 
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immobilized oligonucleotides by the adaptors. Once attached, the DNA 
templates are copied using bridge amplification (Adessi C, 2010)
2
. Bridge 
amplification involves the tethered DNA template arching over and 
hybridizing to an adjacent anchored oligonucleotide, forming a bridge. 
Amplification of a single DNA molecule results in a cluster of molecules 
composed of the same sequence. Following amplification, the reverse strands 
of the DNA are denatured and washed away, resulting in clusters of unique 
immobilized ssDNA. DNA sequencing begins with the addition of 
polymerase, fluorescently labeled deoxyribonucleotide triphosphates and a 
primer that hybridizes to one of the adaptors. The incorporation of a 
complementary base results in a burst of light that is recorded by a charge-
coupled device camera. Unlike the 454 sequencing system, the fluorophore is 
removed from the incorporated base, washed away and the cycle is repeated. 
This prevents the addition of more than one base per cycle.  
 The strength of the Solexa system is that it can generate 1.5 Gb of 
sequence per run with read lengths that range from 35 to 100 bases.  Each run 
requires 3–5 days to complete (Rothberg JM, 2008)96. To deal with short read 
length, the confidence of the sequence reads is improved by using pair-end 
sequencing, which means that both ends are sequenced. However, the short 
read lengths tend to produce biased sequence coverage that occurs in AT-rich 
repetitive sequences- a weakness with the Solexa system (Harismendy O, 
2009)
41
.  
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 Technical difficulties sometimes arise as the system can also be 
affected by dephasing noise that occurs when a complementary nucleotide is 
not incorporated or when the fluorophore is not properly cleaved at the end of 
the cycle – blocking the incorporation of the next nucleotide base. As a 
consequence, the sequence is out-of-phase for the remainder of the template 
(Dohm JC, 2008)
24
. 
THE HUMAN ORAL MICROBIOME DATABASE 
 HOMD is a web accessible resource for the investigation of oral 
microbe taxonomic and genomic information. Though human oral microbiome 
is the most studied human microflora, 53% of the species have not named yet 
and 35% of species are uncultivated. The uncultivated taxa are identified 
mainly by 16S rRNA sequence information. Human Oral Microbiome 
Database (HOMD) provides database for the more than 700 prokaryote 
species present in the human oral cavity based on a curated 16S rRNA gene-
based provisional naming scheme. Currently, two primary types of 
information are provided in HOMD—taxonomic and genomic. Each of 16S 
rRNA phylotypes is given unique Human Oral Taxon (HOT) number. The 
HOT interlinks phenotypic, phylogenetic, genomic, clinical and bibliographic 
information for each taxon. A BLAST search tool is provided to match user 
16S rRNA gene sequences to a curated, full length, 16S rRNA gene reference 
data set. For genomic analysis, HOMD provides comprehensive set of analysis 
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tools and maintains frequently updated annotations for all the human oral 
microbial genomes that have been sequenced and publicly released.  
 The basic list of oral bacteria came from the literature of Dzink, J.L., 
1985, 1988,  Sockransky, 1994, Tanner 1979,1998, Moore W.E., 1982, 1983, 
1994.
25,26,105,110,111,76,77,78 
 Sockransky determined the presence and levels of 40 subgingival taxa 
13,261 plaque samples using whole genomic DNA probes and checkerboard 
DNA-DNA hybridization. 5 major complexes were consistently observed 
using any of the analytical methods.
105 
 Tanner et al. compared the subgingival microbiota in periodontal 
health, gingivitis and initial periodontitis using predominant culture and a 
DNA probe, checkerboard hybridization method. The data suggest that 
Tannerella forsythia, Campylobacter rectus and Selenomonas noxia were 
major species characterizing sites converting from periodontal health to 
disease.
110,111 
 Dzink et al. observed that proportions of Gram negative rods were 
higher in active periodontal disease sites than in inactive sites. Species which 
were found to be significantly elevated only in active sites were Bacteroides 
intermedius, fusiform Bacteroides, Actinobacillus actinomycetemcomitans 
and Wolinella recta. Fusobacterium nucleatum, Capnocytophaga gingivalis 
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and Eikenella corrodens were found in significantly increased proportions in 
active sites of some subjects and inactive sites of others.
25,26 
 Moore WL et al., detected 509 different kinds of bacteria among 
51,000 bacterial isolates from gingival crevices of 300 people. Of these taxa, 
368 were detected more than once.
76,77,78 
 Dewhirst, 2010, identified 1,179 taxa, of which 24% were named, 8% 
were cultivated but unnamed, and 68% were uncultivated phylotypes. Upon 
validation, 434 novel, non-singleton taxa were added to the HOMD.
23 
SUBGINGIVAL MICROBIOME – RELATED STUDIES 
 The subgingival microbiome is the microflora community that inhabits 
the subgingival environment is subject of investigation for several years. 
Before the advent of 16S ribosomal RNA (rRNA) gene sequencing, the 
techniques used in several studies were close ended. These methods could 
evaluate limited number of species and they were restricted to cultivable 
species. After the advent of 16S rRNA gene sequencing, the pioneer studies 
that investigated subgingival microbiome in health and under different 
periodontal conditions used Sanger sequencing, which was labour-intensive 
cloning process. The studies based on this were still not high throughput and 
lacked the sequencing depth to cover most subgingival diversity within 
samples. 
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 Kroes et al. (1999)
58
 evaluated the subgingival microbiome using 16S 
rRNA gene sequencing and Sanger sequencing. This was the first study that 
utilized 16S rRNA gene sequencing in subgingival microbiome 
characterization. 77 phylotypes were identified and 48 percent of which were 
novel. 
 Paster et al. (2001)
90
 evaluated the subgingival microbiome using 
Sanger sequencing in different periodontal conditions. He identified a total of 
347 phylotypes and 215 of which were novel. 
 Kumar et al. (2005)
59
 evaluated the subgingival microbiome with 
Sanger sequencing in health and periodontitis. A total of 274 phylotypes were 
identified and this was the first controlled study comparing health and chronic 
periodontitis using 16S rRNA gene sequencing. Phylotypes  associated with 
periodontitis were identified as Peptostreptococcus spp., Filifactor alocis, 
Megasphaera sp., Desulfobulbus sp., Dialister spp. Campylobacter spp., 
Selenomonas sp., Deferribacteres sp., Catonella sp., Tannerella forsythia, 
Streptococcus spp., Atopobium sp., Eubacterium sp. and Treponema sp. 
Phylotypes  associated with health were Veillonella sp., Campylobacter 
gracilis, Campylobacter showae, Abiotrophia adiacens, Eubacterium 
saburreum, Gemella sp., Streptococcus sanguis, Streptococcus mutans, 
Capnocytophaga gingivalis, Rothia dentocariosa, Eubacterium sp. and 
Selenomonas sp. 
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 High throughput sequencing allows direct sequencing of 16S rRNA 
gene circumventing cloning step. It also allows simultaneous characterization 
of subgingival microbiome composition of many samples, at a relatively low 
cost in a short time period and obtaining thousands of sequences per sample 
guarantee detection of most species present. The studies that used such 
technology are listed below. 
 Griff en et al., (2012)
35
 compared health and periodontitis using high 
throughput sequencing. He found 16 phyla, 106 genera and 596 species .He 
showed that the health associated species are also present in disease, but 
suppressed. 
Abusleme et al., (2013), with qPCR showed that 46 species-level 
phylotypes were enriched in periodontitis and 14 were enriched in health. He 
concluded that shifts from health to periodontitis resemble ecological 
succession without replacement of health-associated species. He defined core 
subgingival species as those present in a majority of subjects and at equal 
relative abundance in health and disease. He defined core subgingival species 
as those present in a majority of subjects and at equal relative abundance in 
health and disease. F. nucleatum was the most abundant core species. 
 Kistler et al., (2013)
55
 identified species-level phylotypes positively 
and negatively correlated with gingivitis. Increased community diversity and 
significant shifts in microbiome structure after two weeks of oral hygiene 
abstention was reported. 
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 Huang et al., (2014)
46
 concluded that 15 genera could distinguish 
healthy and gingivitis samples with 74 percent accuracy. Temporal shifts in 
community structure were observed along the progression from naturally 
occurring gingivitis to healthy gingiva to experimental gingivitis. 
 Park et al., (2015)
87
 showed distinct communities in health, gingivitis 
and periodontitis. 
 Hong et al., (2015)
45
 concluded that no demographic or medical 
characteristics of periodontitis subjects were associated with specific microbial 
profiles. Two types of microbiome profiles were identified in periodontitis 
(clusters A and B) by clustering analyses of microbial abundance profiles. 
Type B communities showed increased proportions of certain periodontitis-
associated organisms, such as Porphyromonas gingivalis, Tannerella forsythia 
and Treponema denticola, and taxa recently linked to periodontitis. In subjects 
with type A communities had increased proportions of different periodontitis-
associated species, health-associated species and core taxa ( prevalent both in 
health and periodontitis). The cluster B community showed a positive 
correlation with periodontitis extent.  
 Kirst et al., (2015)
54
 confirmed that microbial diversity was not 
significantly different between health and periodontitis but communities in 
health and periodontitis diff ered. 18 species-level phylotypes enriched in 
periodontitis and five enriched in health. 
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 Chi-Ying Tsai (2015)
17
, conducted a study with the aim of 
determining the subgingival microbiota in Taiwanese individuals with severe 
chronic periodontisusing a 16S rRNA metagenomic approach. He also 
demonstrated a microbial shift from health to disease. 
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MATERIALS AND METHODS 
Study population  
 Considering the cost involved and sheer complexity of the technology 
used and data obtained microbiome studies are difficult to perform in large 
population. Our study utilized a sample of 8 patients as per previous studies 
by Zheng et al, Dzink et al., who used a similar sample size in their 
study.
129,26 
 A total of 8 individuals seeking dental treatment in Ragas Dental 
College and Hospitals, Chennai, were involved in the present study, of which 
4 were periodontally healthy individuals(control group) and 4  were chronic 
periodontitis patients(test group). A diagnosis of chronic periodontitis was 
determined based on the American Academy of Periodontology parameters.
113
  
 CONTROL Group consisted of 4 subjects with clinically non-
inflamed, healthy gingiva (probing pocket depth {PPD} ≤ 3mm, no clinical 
attachment loss {CAL}, no bleeding on probing {BOP}).  
 TEST Group consisted of 4 subjects with chronic periodontitis with 
PPD ≥ 5mm and CAL ≥ 3mm in at least six sites. 
 The study protocol was explained, and written informed consent was 
received from each individual before clinical periodontal examinations and 
subgingival plaque sampling. Medical and dental histories were obtained. 
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INCLUSION CRITERIA 
 Subjects exhibiting good general health  
 Subjects meeting the criteria of periodontal health and disease as 
described above were included in this study. 
EXCLUSION CRITERIA 
 Patient with systemic disorders, such as diabetes mellitus or 
immunological disorders, HIV 
 Patients on drugs that have potential to interfere with microbial 
characteristics such as immunosuppressant drugs or steroids.  
 Patients with history of tobacco usage. 
 Patients with history of periodontal treatment in the past 6 months. 
 Patients under antimicrobial therapy for the past 6 months. 
Subgingival plaque sampling 
 All examinations were performed by a single, calibrated examiner. For 
the diseased samples, the deepest pockets were selected and the sample was 
collected in a single Eppendorf tube. Supragingival plaque was first removed 
from the sample teeth with sterilized Gracey curettes. The site was then 
cleaned and isolated using cotton rolls and air dried gently. Another sterilized 
Gracey curette was inserted into the deepest part of the pocket and plaque was 
removed by applying a slight force toward the root surface. The tip of the 
curette was then inserted in the Eppendorf tube containing ionized molecular 
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water and shaken until the plaque was removed from the curette. For the 
healthy subgingival plaque samples, sites that did not exhibit any sign of 
inflammation and bleeding on probing were chosen. The same procedures 
were followed for the subgingival sampling from these sites. 
 The samples obtained were frozen and stored at -20°C until the sample 
collection period was completed. All the samples were collected within 2 days 
and then sent for processing so as to avoid any degradation.  
DNA extraction, 16S rRNA amplification, library construction and 
sequencing 
 Genomic DNA was extracted from 8 subgingival plaque samples of 
periodontitis and health patients with the Fast DNA kit and the FastPrep24-5G 
instrument according to manufacturer’s recommendations (MP Biomedicals, 
Santa Ana, CA).  
 Extracted DNA was purified with silica-based spin filters (FastDNA 
kit) and DNA was amplified using the 16S V3 (341F) forward and V4 (805R) 
reverse primer pairs with added Illumina adapter overhang nucleotide 
sequences.  
 Amplicon synthesis was performed using thermocycling with 8.5 μl of 
genomic  DNA, 2 μl of amplicon PCR forward primer (2.5 μM), 2 μl of 
amplicon PCR reverse primer (2.5 μM), and12.5 μl of 2x KAPA HiFi HotStart 
Ready Mix (Kapa Biosystems) at 95 °C initial denaturation for 3 min, 
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followed by 25 cycles of 95 °C for 30 s, 62.3 °C for 30 s, and 72 °C for 30 s, 
and a final extension at 72 °C for 5 min.  
 Reactions were cleaned up with Agencourt AMPure XP beads 
(Beckman Coulter Genomics) according to the manufacturer’s protocol. 
Attachment of dual indices and Illumina sequencing adapters was performed 
using 5 μl of amplicon PCR product DNA, 5 μl of Illumina Nextera XT Index 
Primer 1 (N7xx), 5 μl of Nextera XT Index Primer 2 (S5xx), 25 μl of 2x 
KAPA HiFi HotStart Ready Mix, and 10 μl of PCR-grade water (UltraClean 
DNA-free PCR water; MO BIO Laboratories, Inc., Carlsbad, CA, USA), with 
thermocycling at 95 °C for 3 min, followed by 8 cycles of 95 °C for 30s,                      
55 °C for 30s, and 72 °C for 30s, and a final extension at 72 °C for 5 min.  
 Constructed 16S metagenomic libraries were purified with Agencourt 
AMPure XP beads and quantified with Quant-iT PicoGreen and the KAPA 
Library Quantification Kit (KAPABIOSYSTEMS). Library quality control 
was performed with the Agilent Technologies 2100 Bioanalyzer to ascertain 
quality and average size distribution. 
 Samples were denatured and diluted to a final concentration of 10 pM 
with a 20 % PhiX (Illumina) control. Sequencing was performed using the 
Illumina Nextseq 500 System. All 8 samples were multiplexed and sequenced 
in a single lane on the NextSeq using 2 × 150 bp paired-end sequencing. Data 
analysis was done by using 16s metagenomics tool from Base Space Onsite. 
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Operational taxonomic units (OTUs) were assigned to each sequence using 
HOMD database. 
Statistical analysis 
 Conventional statistical analysis cannot be done in this study due to 
individual variation in the subgingival community and all data was analysed as 
per previous studies (Kumar et al. 2005, Griffen et al.,2012, Liu et 
al.,2012).
59,35,66 
 Circular maximum likelihood phylogenetic tree at the level of genus 
was constructed using iTOL and PhyloT tools as per Griffen et al.
35 
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RESULTS 
 Eight subgingival samples consisting of four samples from periodontally healthy 
individuals (designated as (1S (H), 2S (H), 3(H), 4(H)) and four from chronic periodontitis 
individuals (designated as 5S (D), 6S(D), 7S(D), 8S(D)) were collected. 
 V3-V4 amplicons of 16srRNA gene were sequenced. The results obtained are represented 
according to classification system of bacteria. 
I. Characterization of the subgingival microbiome 
  A total number of 27 phyla, 626 genera and 1278 species were identified as a whole. 
Table 1:  27 phyla identified in the subgingival samples 
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Table 2:  626 genera identified in the subgingival samples. 
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Table 3: Health associated microbiome 
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Table 4: Disease associated microbiome 
 
 
 
 
                                                                                                                       Results 
 
 
 
 
 
 
  
                                                                                                                       Results 
 
 
 
 
 
  
                                                                                                                       Results 
 
 
 
 
 
 
  
                                                                                                                       Results 
 
 
 
 
 
  
                                                                                                                       Results 
 
 
 
 
 
 
 
 
                                                                                             Results 
 
44 
 
Characterization of Individual sample 
The results of the individual samples are given in table 5, as per the 
total number of phyla, genera and species identified in each of the sample. 
 
Table 5 
 
 
 
            Results of most prevalent (top 8) phyla, genera and species of one  
health and one disease sample are represented in table 6 and table 7. 
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Table 6: Predominant bacterial flora at phylum, genus and species level 
in health sample 
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Table 7: Predominant bacterial flora at phylum, genus and species level 
in disease sample 
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I. Comparison between health and disease 
When the subgingival microbiome was compared between health and 
disease samples, the results at phyla level are represented in the bar graph. 
There was no statistically significant difference observed at phyla level. 
Graph 1: Bar graph indicating the subgingival bacterial communities of 
healthy and periodontitis individuals at phylum level 
 
 
                When the subgingival microbiome was compared between health 
and disease samples, the results at genus level is represented in circular 
phylogenetic tree. The tree was constructed with phyloT and displayed using 
iTOL (letunic and bork, 2011). The bars in the outer band (blue) represent the 
relative abundance of bacterial genus in the healthy (red) and the periodontal 
disease (green) groups. 
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Graph 2 : Circular maximum likelihood phylogenetic tree at the genus 
level. 
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When the subgingival microbiome was compared between health and 
disease samples, the results of commonly associated pathogenic bacteria are 
represented in line graph(3). There was no significant difference in abundance 
of these species between health and disease. 
Graph 3 : Difference between health and disease at species level  is shown 
in line graph 
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Graph 4: The distribution of normally health associated bacterial species 
in the subgingival microbiome in periodontal health and disease 
 
Graph 5: The distribution of normally disease associated bacterial species 
in the subgingival microbiome in periodontal health and disease 
 
 
 
 
  
 
 
 
Discussion  
 
                                                                                                           
Discussion 
 
51 
 
DISCUSSION 
 Periodontitis is a biofilm induced chronic inflammatory disease that 
leads to loss of the attachment apparatus of the periodontium (Darveau. R.P. 
2010)
20
. Periodontitis has a long history of proposed microbial etiologies 
ranging from nonspecific plaque hypothesis to specific and keystone pathogen 
hypothesis. Recently, the PSD model by Hajishengallis 2012, states that 
polymicrobial synergy and dysbiosis in susceptible hosts causes 
periodontitis.
40
  
 The human oral microbiome refers to all the microorganisms that are 
found on or in the human oral cavity. The bacterial species colonizing it play 
an important role in oral health and disease. The oral microbiome data suggest 
that there are several ecological niches within the oral cavity that may have 
distinct microbiome of its own such as buccal mucosa, palate, tongue, tonsils 
etc.
23 
 In the periodontal environment it has been reported that the 
subgingival and supragingival microbiome may be distinct from each other. 
The subgingival microbiome has been characterized in several populations. It 
is now well recognized that there is a wide variation in microbiome exists 
among individuals of different ethnicity and demographics.
87 
 In the present study, we have used next generation sequencing, or 
NGS, which is the newest technology for high-throughput genomic analysis. 
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 This methodology is in accordance with Griffen et al., Hong et al., 
Kumar et al., who have used NGS to characterize the subgingival 
microbiome.
35,45,59 
The advantages of this method include 
1. The ability to identify and quantify the abundance of the entire 
bacterial species present in the subgingival environment. Culture based 
methods cannot identify species whose culture characteristics are 
unknown. As oral species are fastidious and need the presence of other 
organisms and very specific growth conditions, several species are not 
cultivable. It has been estimated that nearly 300 and more uncultivable 
species are present in subgingival plaque.
91
 
2. Close ended techniques like DNA probes, RT-PCR though extremely 
sensitive can identify only targeted organisms against which specific 
primers have been designed. 
 Among NGS, Illumina sequencing has been used in this study for the 
following reasons.  
1. Illumina sequencing provides more sequence per run that allows more 
in-depth coverage than other technologies. This in turn helps to analyse 
a larger sample size, inclusion of more bar-coded time points and 
samples, and better assessment of total diversity in microbiome. 
2. Low abundance taxa can be determined with generation and 
sequencing of short 16S rRNA amplicons. 
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3. The comparatively  lower cost per sequence than other competing 
technologies, enabling high throughput microbial ecology at the 
greatest coverage yet possible.
6,13
  
 For sample selection, periodontal examinations were performed to 
determine periodontal status of all subjects. Chronic periodontitis diagnosis 
was determined based on AAP classification parameters that includes PD ≥ 
5mm in more than four sites. Healthy controls were required to have no 
pockets with probing depth ≤ 3mm.113 
 In this study, plaque samples were collected using sterile gracey 
curettes after supragingival scaling as per previous literature.  
 Other techniques such as paper points only allow passive translocation 
of plaque material and fluid into the sampling devices. This sampling method 
is likely to represent only the outer biofilm microorganisms, undersampling 
the initial colonizers present in the inner biofilm mass attached to the root 
surface
128
. Flavia R. Teles et al. in his study has concluded that the proportions 
of species remained consistent in successive curette samples,
 
indicating that 
the use of curettes provided a reliable and reproducible method to obtain 
subgingival samples.
112
 It has also been reported that endodontic paper points 
were potential contamination source of Enterococcus and Exiguabacterium 
genera.
118
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 In the experimental workflow, all the reactions were carried out with 
water and plastic materials guaranteed as DNA-free to avoid contamination. 
 The results of our study for the first time characterizes the subgingival 
microbiome in Indian patients with periodontal disease. A total of 27 Phyla, 
626 genera and 1278 species were identified with individual samples on an 
average exhibiting around 600 to 700 species. These results are consistent with 
those previously reported by Kumar et al., Griffen et al., Paster et al.
59,35,90 
 The results of our study exhibit the sheer diversity of the microflora 
and the inter individual variation that exist from person to person. These 
results are also consistent with previous studies that have reported that the 
subgingival microbiome differs from person to person and there may not be 
individual bacteria that are associated with periodontal health or disease. 
 The results of our study indicate that the predominant phyla are 
Firmicutes, Bacteroidetes, Proteobacteria and Fusobacteria. Our results are 
consistent with those of Liu et al (2012)
66
 whose whole-metagenomic data 
revealed a community dominated by the bacterial phyla Firmicutes, 
Actinobacteria, Bacteroidetes, Fusobacteria and Proteobacteria. Similar results 
are also reported by Kumar et al, Griffen et al.
59,35 
 When the health related microbiome was analysed at phylum level, 
Bacteroidetes, Proteobacteria, Firmicutes and Fusobacteria predominated in 
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that order. These results are not in agreement with previous studies that have 
suggested that Firmicutes comprises the dominant phyla in health.
59 
 These results are somewhat surprising because of the nature of the 
species belonging to these phyla. Bacteroidetes phyla consists of many of the 
organisms that have been associated with periodontal disease, such as, 
Porphyromonas, Tannerella, Capnocytophaga, Prevotella etc. However, it 
must be stressed that there is no significantly greater abundance of 
Bacteroidetes over Proteobacteria or Fermicutes. The proteobacteria phylum 
comprises of previously suspected periodontal pathogens such as 
Aggregatibacter actinomycetemcomitans and also a number of other bacterial 
species such as Camphylobacter, Hemophilus, Mannheimia, Desulfobulbous 
etc., which are which are all known to be early colonisers.
103
 The Firmicutes 
were the third most predominant phyla in health. This is somewhat surprising, 
considering that the gram positive cocci that comprised the early colonisers 
belong to this phyla.  
When the disease samples were analysed at phyla level, Firmicutes 
comprise the predominant phyla followed by the Bacteroidetes, 
Proteobacteria, and Fusobacteria. The results of the disease associated 
microbiome at phyla level are similar to previous studies in diseased 
samples.
66
 Although the  abundant distribution of Firmicutes in disease 
samples may appear somewhat surprising, the subgingival biofilm in disease 
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samples tends to be of greater complexity and allow for bacterial survival in 
even normally hostile environment.  
 Previous studies have reported the following advantages that bacteria 
obtain as a result of biofilm environment.
38,39 
1. Greater nutritional requirements are met with bacteria that are diverse 
at phyla level, offering metabolic products that may allow other 
bacteria to survive. Examples of such metabolic crosstalk have been 
reported with streptococci and Veillonella, Prevotella and 
Porphyromonas genera.  
2. Transfer of Genetic material through quorum sensing and horizontal 
gene transfer offer a greater versatility to survive in environment that 
would normally be adverse. Examples that have been reported in 
previous studies include the acquisition of aero tolerance genes by the 
normally anaerobic bacteria such as Porphyromonas presumably as a 
result of co-colonization with aerobic bacteria such as Streptococci that 
allow these bacteria to reside in oxygenated environment.  
3. Co-aggregation between normally diverse species at phyla level such 
as Streptococci gordonii and Porphyromonas gingivalis enhance the 
survival of these bacteria in environments that are otherwise bathed in 
fluid compartments like GCF and Saliva which may flush out more 
planktonic bacteria. 
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 The other phyla such as spirochetes, thermi contribute only to minor 
proportions of subgingival microbiome. These results are in agreement with 
previous studies.
59,45
 However, when bacteria were analysed at phyla level, 
TM7 was not identified in our study. Although members of this phyla are yet 
to be cultured or classified at species level, there have been reports that 
suggests the members in this phyla may play important role in disease 
progression.  
 Phylum Caldiserica is present only in health, while phylum 
Armatimonadetes is present only in disease. Caldiserica was initially described 
by Mori K as a distinct species with a new phylum, genus level classification. 
It was separated from candidate phyla OP5 based on its characteristics of 
being an anaerobic, thermophilic, filamentous bacteria with a distinct G+ C 
content 
80
. Phylum Armatimonadetes, originally described by Tamaki as 
distinct from the original OP10, constituted phylogenetically diverse group of 
organisms that are aerobic, gram negative and exhibit oligotrophic 
metabolism
52
. The contribution of these bacteria to periodontal health and 
disease is as yet unknown. 
 The sheer complexity of the subgingival microbiome can be 
understood from the fact that the phyla predominant in health was anaerobic in 
nature while that in disease was aerobic which would normally not be thought 
as residents of the subgingival environment. These results further highlight the 
complex communication network that exists in subgingival biofilms.  
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 The genus level distribution of the bacteria is represented in graph (2). 
In health samples, the most abundant genus comprised of Fusobacterium, 
Campylobacter, Capnocytophaga, Porphyromonas, Streptococci, Neisseria, 
Mannheimia, Chrysobacterium, Cohnella, and Leuconostoc. These results are 
in agreement with previous literature in as far as the distribution of 
Streptococci, Porphyromonas, Fusobacterium and Mannheimia are 
concerned.
59 
 When the disease samples were analysed the most predominant 
bacteria at genus level were Campylobacter, Fusobacterium, Selenomonas, 
Corynebacterium, Capnocytophaga, Streptococci, Leuconostoc, Prevotella, 
Leptotrichia, Zhouia, Cohnella etc. 
 When comparison of genera was made at those present ≥0.5% 
abundance, Sphingobacterium, Tannerella, Mannheimia, Aggregatibacter, 
Deinococcus, Lautropia, Gemella, were present in health but not in disease. 
Similary, Veillonella, Actinomyces, Enterococcus, Granulicatella, 
Vagococcus, Corynebacterium, Treponema, Peptoniphilus, Megasphaera, 
Alkaliphilus, Pectinatus, Bacteroides, Halanaerobium, Pelagicoccus, Bulleidia, 
Clostridium, Cardiobacterium, Snowella are present only in disease when                    
≥ 0.5% abundance species were compared. Overall, these results are in 
agreement with previous literature.
35,45,59
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Subgingival microbiome at species level 
            At the species level, a distinct health associated microbiome (Table 3) 
and disease associated microbiome (Table 4) was identified.  
            As there are over 600 to 800 species identified in each of the 8 
samples, we have discussed the most abundant ones and those commonly 
associated with periodontal health and disease in greater detail.  
 When the bacteria were analysed at the species level the 10 most 
abundant species were Fusobacterium naviforme, Campylobacter gracilis, 
Chryseobacterium taichungense, Zhouia amylolytica, Capnocytophaga 
leadbetteri, Corynebacterium matruchotii, Streptococcus gordonni, 
Fusobacterium nucleatum, Leptotrichia trevisanii, Selenomonas infelix, 
Campylobacter showae, Mannheimia caviae, Alkaliphilus crotonatoxidans, 
Pectinatus cerevisiiphilus. As is obvious, several of these species are not that 
have been previously thought to be periopathogenic species or health 
associated ones. 
 The red complex bacteria, Porphyromonas gingivalis, Tannerella 
forsythia were detected in all the samples but there was no significant different 
in its presence in health and disease. These results are not in agreement with 
Socransky and Haffajee
103
, Ximenez-Fyvie et al.
125
 who have described red 
complex bacteria as climax colonizers and thought to be most associated with 
periodontal disease. Treponema denticola was not identified in one health and 
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one disease sample but there was no significant difference between its 
presence in other health and disease samples. These results are however in 
agreement with Kumar et al., Griffen et al., etc.
59,35
 who have shown that there 
are no significant difference in the presence of red complex bacteria in health 
and disease when the microbiome as a whole was studied. These authors have 
concluded that it is the targeted primer approach and a consequence of the 
pocket environment that led to the increased presence of red complex bacteria 
described in previous periodontal literatures.
59 
 The red complex bacteria are gram negative, anerobic, proteolytic 
bacteria that reside in the favourable environment of a periodontal pocket. 
They have been closely associated with deep periodontal pockets and bleeding 
on probing in previous literature. The samples that have been chosen in our 
study were also taken from sites with periodontal pocket of greater than 5 mm 
which exhibited bleeding on probing. Therefore, our results are unlikely to 
have been influenced by sampling techniques or further microbial detection 
methods.  
 If our results are to be interpreted, the red complex bacteria seem to 
play no/limited role in the traditional pathogens etiopathogenesis of 
periodontal disease. However, it may be argued that red complex bacteria may 
act as keystone pathogens that even in low abundance play an important role 
in organizing the subgingival biofilm and subverting the immune responses. 
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Both events are thought to be central to the pathogenesis of periodontal 
disease.  
 The bridging organism Fusobacterium nucleatum has been described 
as important for co-aggregation between the early and the late colonizers, both 
to Streptococcus and Porphyromonas gingivalis, thereby helping the 
organization of the subgingival biofilm. It has been suggested this organism 
may be used as marker for transition from gingivitis to periodontitis and for 
further disease progression
110
. However the results of our study show no 
significant difference in its distribution between health and disease suggesting 
a limited role in disease pathogenesis. Our results are in agreement with 
previous subgingival microbiome reports, which do not consider 
Fusobacterium nucleatum to be a major periodontopathogen.
35
  
 Aggregatibacter aphrophilus, Aggregatibacter segnis, Aggregatibacter 
neumotropica were identified in both health and disease samples with no 
significant difference. Aggregatibacter actinomycetemcomitans has been 
described as a putative periodontal pathogen based on its leukotoxin producing 
ability, tissue invasiveness and high collagenolytic activity. Surprisingly 
however none of our samples showed the presence of Aggregatibacter 
actinomycetemcomitans. Previous periodontal literature has associated 
Aggregatibacter actinomycetemcomitans with localized juvenile periodontitis, 
later classified as aggressive periodontitis
78
. As the samples in our study were 
chosen from patients diagnosed with chronic periodontitis, it is perhaps not 
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surprising that Aggregatibacter actinomycetemcomitans was not identified in 
our samples as a dominant pathogen. Even so, our results are not in agreement 
with previous literature that have demonstrated presence of this bacteria in 
chronic periodontitis.
104
 The reasons for this discrepancy are not immediately 
apparent.  
 The Streptococci mainly the Streptococcus sanguinis, Streptococcus 
gordonii, Streptococcus mitis, Streptococcus intermedius, and Streptococcus 
oralis are also part of early colonizers that have been described by Sockransky, 
Haffajee.
103
 These bacteria are gram positive, aerobic, carbohydrate utilizing 
bacteria which are able to colonize on the acquired pellicle on tooth surfaces, 
initiating plaque formation. These bacteria utilize the available resources, 
create a bacterial succession through an ecological shift as described by Marsh 
and contribute to formation of late colonizers.
72
 The results of our study 
suggest that there is no difference in the prevalence of streptococci between 
health and disease. These results are in agreement with previous literature in 
relation to subgingival microbiome.
59
  
 Newer periodontopathogenic bacteria such as Filifactor alocis and 
Dialister invisus have been described as being important for progressive 
periodontitis.
59
 The results of our study however show that there is no 
difference in the distribution of either Filifactor alocis or Dialister invisus, 
suggesting that these organisms may not play major role in 
etiopathogenesis.
35,38
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 Eikenella corrodens, Capnocytophaga species, Selenomonas noxia, 
Megasphaera species, Campylobacter rectus, Prevotella intermedia,  all 
bacteria that have been described as periodontopathogens, showed no 
difference in abundance in health and disease samples of our study. Similar 
results have been described by other authors.
35,38 
 Novel subgingival species were identified to be present abundantly in 
all the samples that were examined in our study including Zhouia amylolytica, 
Chryseobacterium taichungense, Leptotrichia trevisanii, Alkaliphilus 
crotonatoxidans, and Pectinatus cerevisiiphilus. 
  Zhouia amylolytica, first reported by Liu ZP, is an aerobic bacilli that 
require sodium chloride for its growth. This bacteria utilizes carbohydrates 
and is incapable of reducing the nitrates. The implication of the presence of 
the organism is not immediately obvious. It may be the dietary pattern of our 
study population which is largely rice consuming and the salt content in water 
that may have allowed the species to colonize the gingival environment study 
population belongs to coastal area. 
 Chrysobacterium taichungense and Leptotrichia trevisanii are gram 
negative anaerobes present abundantly in all the samples.  
 Chrysobacterium taichungense, first isolated from contaminated soil is 
positive for gelatinase activity and grows well over a broad range of pH values 
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(6.0–9.0) but grows better in neutral or weakly alkaline conditions                    
(pH 7.0–8.0).28 
 Leptotrichia trevisanii has been reported as normal oral flora and also 
resides in GIT and female genital tract. It is highly sacchrolytic and produce 
lactate as sole end product of glucose fermentation. It has been reported as a 
possible pathogen in immunocompromised patients and has been reported to 
cause bacteraemia in such patients. Leptotrichia sp., has been frequently 
studied with regard to the cervicovaginal microflora.
65 
 Alkaliphilus crotonotoxidans is present predominantly in disease, but 
either absent or less abundant in health. It is a gram positive, anaerobe 
belonging to phylum Firmicutes. They utilize only proteinaceous substance 
such as yeast extract peptone, tryptone, as sole source of energy.  It grows well 
in the optimum pH of 7.5.
12
 
 Pectinatus cerevisiphilus is also predominantly present in disease, but 
not in health. This species is a gram negative anaerobe, considered a common 
beer spoilage bacteria. They produce propionate as a major fermentation 
product. They are also reported to be isolated from drainage systems and water 
pipe systems. It grows well in the optimum pH of 6-6.2.
115
 
 In our results support the hypothesis that the subgingival biofilm as a 
whole and dysbiosis may contribute more to the pathogenesis of periodontal 
disease rather than individual bacteria. There was a distinct bacterial species in 
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disease associated microbiome when compared to health (Table 3,4). The 
traditional periodontal pathogens (red complex bacteria and newer Filifactor, 
Dialister) seem to have a limited role in disease pathogenesis. Novel bacteria 
Alkaliphilus crotonoxidans and Pectinatus cerevisiphilus seem to be closely 
associated with periodontitis but further studies need to be done to ascertain 
their etiopathogenic role. The results indicate that our dietary and lifestyle 
habits could have contributed to a microbial profile that has not been reported 
in previous literature. The greater carbohydrate content in our diet could have 
allowed the presence of normal sacchrolytic bacteria and a neutral to mildly 
alkaline pH environment could have favoured the growth novel subgingival 
species such Zhouia amylolytica, Chryseobacterium taichungense, 
Leptotrichia trevisanii, Alkaliphilus crotonatoxidans, and Pectinatus 
cerevisiiphilus. 
 The limitations of this study include the small sample size and the lack 
of exact quantification of the bacterial species which cannot be done even 
using the NGS technology. In any case these results reaffirm that targeted 
antimicrobial approach against individual or group of bacteria may not be 
ideal for management of periodontal disease.  
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SUMMARY AND CONCLUSION 
 This study was carried out to characterize the subgingival microbiome 
in periodontitis and to compare it with health. 8 subgingival samples including 
4 healthy and 4 chronic periodontitis samples were collected and microbiome 
characterization was done with NGS technology using Illumina sequencing. 
 A total number of phyla identified were 27, genera 626 and species 
1278 from all the samples that have been collected, with individual samples 
showing between 600 and 800 bacterial species. 
            When subgingival microbiome was characterized, most of the bacterial 
species belonged to previously described phyla and genera. 
           On comparison, distinct health and disease associated microbiome was 
identified. Traditional periodonto pathogenic bacteria such as Porphyromonas 
gingivalis, Tannerella Forsythia, Treponema denticola, Capnocytophaga 
species, Selenomonas noxia, Prevotella intermedia and newer periodonto 
pathogens such as Filifactor alocis, Dialister invisus showed no significant 
difference on abundance and behaviour in health and disease.  
Novel subgingival bacterial species were identified in both health and 
periodontitis samples. Bacterial species such as Alkaliphilus crotonatoxidans, 
Pectinatus cerevisiiphilus were more abundant in disease and absent or less 
abundant in health. Further studies need to be done to identify the role of these 
bacteria in periodontal health and disease. 
  
 
 
 
Bibliography  
 
                                                                                                      
Bibliography 
 
BIBLIOGRAPHY 
1. Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE. Defining the 
normal bacterial flora of the oral cavity. J Clin Microbiol 2005: 43: 
5721–5732. 
2. Adessi C, Matton G, Ayala G, Turcatti G, Mermod JJ, Mayer P, 
Kawashima E. Solid phase DNA amplification: characterization of 
primer attachment and amplification mechanisms. Nucleic Acids Res 
2000: 28: e87. 
3. Aoi Y, Kinoshita T, Hata T, Ohta H, Obokata H, Tsuneda S. 
Hollow-fiber membrane chamber as a device for in situ environmental 
cultivation. Appl Environ Microbiol (2009);75: 3826-3833. 
4. Avila, M., Ojcius, D. M. & Yilmaz, O. The oral microbiota: living 
with a permanent guest. DNA and Cellular Biology,(2009);28,                   
405-411. 
5. Badger JH, Ng PC, Venter JC. The human genome, microbiomes, 
and disease. In: Nelson KE, ed. Metagenomics of the human body. 
Springer Science Business Media: New York, (2011):vol 17, pp. 1–14. 
6. Bartram A. “Generation of multimillion 16S rRNA gene libraries 
from complex microbial communities by assembling pairedend 
Illumina reads.” Appl Environ Microbiol (2011);77(15):5569. 
7. Becker, M.R. Molecular analysis of bacterial species associated with 
childhood caries. J Clin Microbiol, 2002. 40(3): p. 1001-9. 
67 
                                                                                                      
Bibliography 
 
8. Bentley DR. Whole-genome resequencing. Curr Opin Genet Dev. 
2006;16:545-52. 
9. Bentley DR, Balasubramanian S, Swerdlow HP, Smith GP, Milton 
J, Brown CG, Hall KP, Evers DJ, Barnes CL, Bignell HR, et 
al.(2008): Accurate whole human genome sequencing using reversible 
terminator chemistry. Nature 456:53-59. 
10. Black,G.V.(1884). The Formation of Poisons by Micro-Organisms. A 
Biological Study of the Germ Theory of Disease. Philadelphia, PA : 
P.Blakiston,son&co. doi: 10.5962/bhl.title.21164 
11. Bollmann A, Lewis K, Epstein SS (2007): Incubation of 
environmental samples in a diffusion chamber increases the diversity 
of recovered isolates. Appl Environ Microbiol; 73:6386-90. 
12. Cao X, Liu X, Dong X, Alkaliphilus crotonatoxidans sp. nov., a 
strictly anaerobic, crotonate-dismutating bacterium isolated from a 
methanogenic environment, Int J Syst Evol Microbiol. 2003 Jul;53(Pt 
4):971-5. 
13. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman 
FD(2010) QIIME allows analysis of high-throughput community 
sequencing data. Nat Methods 7: 335-336. 
14. Chen, H. & Jiang, W. (2014). Application of high-throughput 
sequencing in understanding human oral microbiome related with 
health and disease. Frontiers in Microbiology, 5, 508. 
                                                                                                      
Bibliography 
 
15. Chiang, PW, Song WJ, Wu KY, korenberg JR, Fogel EJ, Van 
Keuren ML, Lashkari D, and Kurnit DM (1996): Use of 
fluorescent-PCR reaction to detect genomic sequence copy number and 
transcriptional abundance. Genome Res. 6:1013-1026 
16. Chien A, David BE and John MT (1976): Deoxyribonucleic acid 
polymerase from the Extreme Thermophile Termus aquaticus. J 
Bacteriology. 127: 1550- 1557. 
17. Chi-Ying Tsai , Chuan Yi Tang , Te-Sheng Tan , Kuan-Hsueh 
Chen , Ki-Hok Liao, Ming-Li Liou, Subgingival microbiota in 
individuals with severe chronic periodontitis, Journal of Microbiology, 
Immunology and Infection (2016) xx, 1-9 
18. Clarridge JE (2004): Impact of 16S rRNA gene sequence analysis for 
identification of bacteria on clinical microbiology and infectious 
diseases. Clin Microbiol Rev. 17: 840-62. 
19. Colyer JF. Progressive destruction of the teeth. In: Colyer JE ed. 
Dental surgery and pathology. London: Longmans Green and Co., 
1919: 560-561, 594-596. 
20. Darveau, R.P.(2010). Periodontitis: a polymicrobial disruption of host 
homeostasis. Nat. Rev. Microbiol. 8, 481–490.doi:10.1038/nrmic 
ro2337 
21. De Lillo, A. Culture-independent identification of periodontitis-
associated Porphyromonas and Tannerella populations by targeted 
molecular analysis. J Clin Microbiol, 2004. 42(12): p. 5523-7. 
                                                                                                      
Bibliography 
 
22. Dethlefsen L, McFall-Ngai M, Relman DA (2007). An ecological 
and evolutionary perspective on human-microbe mutualism and 
disease. Nature 449: 811–818. 
23. Dewhirst FE, Chen T, Izard J (2010). The human oral microbiome. J 
Bacteriol 192: 5002–5017. 
24. Dohm JC, Lottaz C, Borodina T, Himmelbauer H. Substantial 
biases in ultra-short read data sets from high-throughput DNA 
sequencing. Nucleic Acids Res 2008: 36: e105. 
25. Dzink, J.L., Tanner,A.C., Haffajee, A.D. and Socransky, S.S. 
(1985) Gram negative species associated with active destructive 
periodontal lesions. J. Clin. Periodontol., 12, 648–659. 
26. Dzink, J.L., Socransky, S.S. and Haffajee, A.D. (1988) The 
predominant cultivable microbiota of active and inactive lesions of 
destructive periodontal diseases. J. Clin. Periodontol., 15, 316–323. 
27. Feres, M. Change in subgingival microbial profiles in adult 
periodontitis subjects receiving either systemically-administered 
amoxicillin or metronidazole. J Clin Periodontol, 2001. 28(7): p. 597-
609. 
28. Fo-Ting Shen, Peter Kampfer, Chiu-Chung Young, Wei-An Lai 
and A. B. Arun Chryseobacterium taichungense sp. nov.,isolated from 
contaminated soil, international Journal of Systematic and 
Evolutionary Microbiology (2005), 55, 1301–1304 
                                                                                                      
Bibliography 
 
29. Frank, D.N. Culture-independent molecular analysis of microbial 
constituents of the healthy human outer ear. J Clin Microbiol, 2003. 
41(1): p. 295-303. 
30. Gavrish E, Bollmann A, Epstein S, Lewis K (2008): A trap for in 
situ cultivation of filamentous actinobacteria. J Microbiol Methods; 72: 
257-62. 
31. Ghannoum, M. A., Jurevic, R. J., Mukherjee, P. K., Cui, F., 
Sikaroodi, M., Naqvi, A. & Gillevet, P. M. (2010). Characterization 
of the oral fungal microbiome (mycobiome) in healthy individuals. 
PLoS Pathogens, 6, e1000713. 
32. Gibson, UE, Heid CAand Williams PM (1996): A novel method for 
real time quantitative PCR. Genome Res.6:986-994. 
33. Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, Samuel 
BS, Gordon JI, Relman DA, Fraser-Liggett CM, Nelson KE. 
Metagenomic analysis of the human distal gut microbiome. Science 
2006: 312: 1355–1359 
34. Gmur, R. and B. Guggenheim, Monoclonal antibodies for the 
detection of 'periodontopathic' bacteria. Arch Oral Biol, 1990. 35 
Suppl: p. 145S-151S. 
35. Griffen, A.L., Prevalence of Porphyromonas gingivalis and 
periodontal health status. J Clin Microbiol, 1998. 36(11): p. 3239-
3242. 
                                                                                                      
Bibliography 
 
36. Haffajee. A. D. & Socransky, S, S. (1994) Microbial etiological 
agents of destructive periodontal diseases. In: Socransky. S,S & 
Haffajee. A, D. ed. Microbiology and Immunology of periodontal 
diseases, Periodontology 2000, 5 ,78-111, 
37. Haffajee, A.D., Subgingival microbiota in healthy, well-maintained 
elder and periodontitis subjects. J Clin Periodontol, 1998. 25(5): p. 
346-53. 5.  
38. Haffajee AD, Bogren A, Hasturk H, Feres M, Lopez NJ, and 
Socransky SS: Subgingival microbiota of chronic periodontitis 
subjects from different geographic locations. J Clin Periodontol 2004; 
31(11): 996–1002. PMID: 15491316 
39. Hajishengallis,G.,Darveau,R.P.,andCurtis,M.A.(2012).Thekeystone
-pathogen hypothesis. Nat.Rev.Microbiol. 10, 717–
725.doi:10.1038/nrmicro2873 
40. Hajishengallis,G.,andLamont,R.J.(2012).Beyondtheredcomplexandi
nto more complexity : the polymicrobial synergy and dysbiosis (PSD) 
model of periodontal disease etiology. Mol.OralMicrobiol. 27, 409–
419.doi:10.1111/j.2041- 1014.2012.00663.x 
41. Harismendy O, Ng PC, Strausberg RL, Wang X, Stockwell TB, 
Beeson KY, Schork NJ, Murray SS, Topol EJ, Levy S, Frazer KA. 
Evaluation of next generation sequencing platforms for population 
targeted sequencing studies. Genome Biol 2009: 10: R32. 
                                                                                                      
Bibliography 
 
42. Heid CA, Stevens J, Livak KJ, Williams PM (1996): Real time 
quantitative PCR. Genome Res. 6:986-994. 
43. Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J 
(2007): qBase relative quantification framework and software for 
management and automated analysis of real-time quantitative PCR 
data. Genome Biol;8:R19. 
44. Henry A. Erlich (1989): Polymerase Chain Reaction. J Clin. 
Immunology 9:(6) 235-239 
45. Hong BY, Furtado Araujo MV, Strausbaugh LD, Terzi E, 
Ioannidou E, Diaz PI. Microbiome profi les in periodontitis in 
relation to host and disease characteristics. PLoS One 2015; 10(5): 
e0127077. 
46. Huang S, Li R, Zeng X, He T, Zhao H, Chang A, Bo C, Chen J, 
Yang F, Knight R, Liu J, Davis C, Xu J. Predictive modeling of 
gingivitis severity and susceptibility via oral microbiota. ISME J 2014; 
8(9): 1768-80. 
47. Huber JA, Morrison HG, Huse SM, Neal PR, Sogin ML, Mark 
Welch DB. Effect of PCR amplicon size on assessments of clone 
library microbial diversity and community structure. Environ 
Microbiol. 2009; 11:1292–1302. [PubMed: 19220394] 
48. Jennifer J. Barb, Andrew J. Oler, Hyung-Suk Kim, Natalia 
Chalmers, Gwenyth R. Wallen, Ann Cashion, Peter J. Munson1, 
                                                                                                      
Bibliography 
 
Nancy J. Ames PLOS ONE | DOI:10.1371/journal.pone.0148047 
February 1, 2016 
49. Kaeberlein T, Lewis K, Epstein SS (2002): Isolating „uncultivable‟ 
microorganisms in pure culture in a simulated natural environment. 
Science; 296: 1127-9. 
50. Kazor CE, Mitchell PM, Lee AM et al (2003): Diversity of bacterial 
populations on the tongue dorsa of patients with halitosis and healthy 
patients. J Clin Microbiol 41: 558-563. 
51. Keijser BJ, Zaura E, Huse SE, van der Vossen JM, Schuren FH, 
Montijn RC, ten Cate JM and Crielaard W (2008): Pyrosequencing 
analysis of the Oral Microflora of healthy adults. Journal of Dental 
Research. 87: 1016-1020. 
52. Kevin C. Y. Lee , Peter F. Dunfield, Matthew B. Stott, October 
2014, The Phylum Armatimonadetes, The Prokaryotes, pp 447-458 
53. Keyes, P. H. & Jordan, H. V. (1964). Periodontal lesions in the 
Syrian hamster.Ⅲ. Findings related to an infectious and transmissible 
component. Archives of Oral Biology, 9, 377-400. 
54. Kirst ME, Li EC, Alfant B, Chi YY, Walker C, Magnusson I, 
Wang GP. Dysbiosis and alterations in predicted functions of the 
subgingival microbiome in chronic periodontitis. Appl Environ 
Microbiol 2015; 81(2): 783-93. 
                                                                                                      
Bibliography 
 
55. Kistler JO, Booth V, Bradshaw DJ, Wade WG. Bacterial 
community development in experimental gingivitis. PLoS One 2013; 
8(8): e71227 
56. Kolenbrander, P. E. (2000). Oral microbial communities: biofilms, 
interactions, and genetic systems. Annual Reviews in Microbiology, 
54, 413-437.  
57. Korbel JO, Urban AE, Affourtit JP, Godwin B, Grubert F, Simons 
JF, (2007): Paired-end mapping reveals extensive structural variation 
in the human genome. Science;318:420-6. 
58. Kroes I, Lepp PW, Relman DA. Bacterial diversity within the human 
subgingival crevice. Proc Natl Acad Sci U S A 1999; 96(25): 14547-
52. 
59. Kumar PS, Griffen AL, Moeschberger ML, Leys EJ. Identification 
of candidate periodontal pathogens and beneficial species by 
quantitative 16S clonal analysis. J Clin Microbiol. 2005 Aug; 
43(8):3944–3955. [PubMed: 16081935] 
60. Kumar PS, Leys EJ, Bryk JM, Martinez FJ, Mosechberger ML, 
and Griffen AL (2006): Changes in periodontal health status are 
associated with bacterial community shifts as assessed by quantitative 
16S cloning sequencing. J. Clin.Microbiol.44, 3665-3673. 
61. Lamont RJ1, Hajishengallis  Polymicrobial synergy and dysbiosis in 
inflammatory disease., Trends Mol Med. 2015 Mar;21(3):172-83. doi: 
10.1016/j.molmed.2014.11.004. Epub 2014 Nov 20. 
                                                                                                      
Bibliography 
 
62. Lederberg J, McCray A. Ome sweet 'omics: A genealogical treasury 
of words. The Scientist. 2001;15:8. 
63. Letunic I, Bork P. (2011). Interactive Tree Of Life v2: online 
annotation and display of phylogenetic trees made easy. Nucleic Acids 
Res 39: W475–W478. 
64. Leys, E.J., Association of Bacteroides forsythus and a novel 
Bacteroides phylotype with periodontitis. J Clin Microbiol, 2002. 
40(3): p. 821-5. 
65. Ling Z, Liu X, Chen X,. Diversity of cervicovaginal microbiota 
associated with female lower genital tract infections. Microb Ecol 
2011; 61(3): 704-14. 
66. Liu WT, Marsh TL, Cheng H, Forney LJ. Characterization of 
microbial diversity by determining terminal restriction fragment length 
polymorphisms of genes encoding 16S rRNA. Appl Environ Microbiol 
1997: 63: 4516–4522. 
67. Loe,H.,Theilade,E.,andJensen,S.B.(1965).Experimentalgingivitisinm
an. J. Periodontol. 36, 177–187.doi:10.1902/jop.1965.36.3.177 . 
68. Loesche WJ. Syed SA. Stoll J. Trypsin-like activity in subgingival 
plaque. A diagnostic marker for spirochetes and periodontal disease?. 
Journal of Periodontology. 58(4):266-73, 1987 bacteria: can culture be 
considered the primary reference standard? J Clin Microbiol, 1992. 
30(2): p. 418-26. 
                                                                                                      
Bibliography 
 
69. MacLean D, Jones JD, Studholme DJ. Application of next-
generation  sequencing technologies to microbial genetics. Nat Rev 
Microbiol 2009: 7: 287–296. 
70. Mardis ER (2008): Next-Generation DNA Sequencing Methods 
Annu. Rev. Genomics Hum. Genet. 9:387-402 
71. Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben 
LA, et al. (2005): Genome sequencing in microfabricated high-
dentisty picolitre reactors. Nature. 437:376-80 
72. Marsh, P.D.(1994). Microbialecology of dental plaquean 
ditssignificancein health anddisease. Adv. Dent.Res. 8, 263–271. 
73. Miller, W.D.(1890). The Micro-Organisms of the Human Mouth. 
Philadelphia, PA: The S.S.WhiteDentalMFG.CO. 
74. Mitchell, D. F. & Johnson, M. (1956). The nature of the gingival 
plaque in the hamster-production, prevention, and removal. Journal of 
Dental Research, 35, 651-655.  
75. Metzker ML. Sequencing technologies – the next generation. Nat Rev 
Genet 2010: 11: 31–46. 
76. Moore. W. E, C & Moore. L. V H, (1994) The bacteria of periodontal 
diseases. Periodontology 2000 5. 66 77. 
77. Moore, W.E., Holdeman, L.V., Cato, E.P (1983) Bacteriology of 
moderate (chronic) periodontitis in mature adult humans. Infect. 
Immun., 42, 510–515. 
                                                                                                      
Bibliography 
 
78. Moore, W.E., Holdeman, L.V., Smibert, R.M. (1982) Bacteriology 
of severe periodontitis in young adult humans. Infect. Immun., 38, 
1137–1148. 
79. Morgan, Curtis Huttenhower, Chapter 12: Human Microbiome 
Analysis, PLOS Computational Biology,  December 2012 | Volume 8 | 
Issue 12 | e1002808 
80. Mori K, Kaoru Yamaguchi, Yayoi Sakiyama, Tetsuro Urabe  and 
Ken-ichiro Suzuki, Caldisericum exile gen. nov., sp. nov., an 
anaerobic, thermophilic, filamentous bacterium of a novel bacterial 
phylum, Caldiserica phyl. nov., originally called the candidate phylum 
OP5, and description of Caldisericaceae fam. nov., Caldisericales ord. 
nov. and Caldisericia classis nov., International Journal of Systematic 
and Evolutionary Microbiology (2009), 59, 2894–2898 
81. Mullis KB, Faloona F (1987): Specific synthesis of DNA in vitro via 
a polymerase catalysed chain reaction. Meth Enzymol. 155:335-350 
82. Newman, M. A., S. S. Socransky, E. D. Savitt, D. A. Propas, and A. 
Crawford. 1976. Studies of the microbiology of periodontosis. J. 
Periodontol. 47:373-379. 
83. Nossa CW, Oberdorf WE, Yang L, Aas JA, Paster BJ, (2010): 
Design of 16S rRNA gene primers for 454 pyrosequencing of the 
human foregut microbiome. World J Gastroenterol 16: 4135-4144. 
84. Okada M, Soda Y, Hayashi F, Doi T, Suzuki J, Miura K, Kozai K. 
Longitudinal study of dental caries incidence associated with 
                                                                                                      
Bibliography 
 
Streptococcus mutans and Streptococcus sobrinus in pre-
schoolchildren. J Med Microbiol. 2005; 54:661–665. [PubMed: 
15947431] 
85. Pace, N.R., A molecular view of microbial diversity and the biosphere. 
Science, 1997. 276(5313): p. 734-40. 
86. Page, R.C., Lantz, M.S., Darveau, R., Jeffcoat, M., Mancl, L., 
Houston, L (2007). Immunization of Macaca fascicularis against 
experimental periodontitis using a vaccine containing cysteine 
proteases purified from Porphyromonas gingivalis. 
OralMicrobiol.Immunol. 22, 162–168.doi: 10.1111/j.1399-
302X.2007.00337.x 
87. Park OJ, Yi H, Jeon JH, Kang SS, Koo KT, Kum KY, Chun J, 
Yun CH, Han SH. Pyrosequencing Analysis of Subgingival 
Microbiota in Distinct Periodontal Conditions. J Dent Res 2015; 94(7): 
921-7. 
88. Paster BJ, Bartoszyk IM, Dewhirst FE. Identification of oral 
streptococci using PCR-based, reverse-capture, checkerboard 
hybridization. Methods Cell Sci. 1998; 20:223–231. 
89. Paster, B.J., Prevalent bacterial species and novel phylotypes in 
advanced noma lesions. J Clin Microbiol, 2002. 40(6): p. 2187-91. 
90. Paster BJ, Boches SK, Galvin JL, Ericson RE, Lau CN, Levanos 
VA, Sahasrabudhe A, Dewhirst FE. Bacterial diversity in human 
subgingival plaque. J Bacteriol 2001; 183(12): 3770-83. 
                                                                                                      
Bibliography 
 
91. Peterson, J., Garges, S. & Giovanni, M. (2009). The NIH Human 
Microbiome Project. Genome Research, 19, 2317-2323. 
92. Preza D, Olsen I, Aas JA, Willumsen T, Grinde B, Paster BJ. 
Bacterial profiles of root caries in elderly patients. J Clin Microbiol 
2008: 46: 2015–2021. 
93. Rajendhran J, Gunasekaran P (2010). Human microbiomics. Indian 
J Microbiol 50: 109–112. 
94. Riggio MP, Lennon A, Rolph HJ, Hodge PJ, Donaldson A, 
Maxwell AJ, (2008): Molecular identification of bacteria on the 
tongue dorsum of subjects with and without halitosis. Oral Dis 14:251-
258. 
95. Rothberg JM, Hinz W, Rearick TM, Schultz J, Mileski W, Davey 
M, Leamon JH, Johnson K, Milgrew MJ, Edwards M,: An 
integrated semiconductor device enabling non-optical genome 
sequencing. Nature 2011, 475(7356):348-352. 
96. Saiki RK, Gelfand DH, Stoffel S, Scharf s, Higuchi RH, Horn GT, 
Mullis KB, Erlich HA (1988): Primer-directed enzymatic 
amplification of DNA with a thermostable DNA Polymerase. Science 
239:487-491. 
97. Samaranayake, L. P. (2012). Essential microbiology for dentistry. 4th 
edition. Edinburgh: Churchill Livingstone. 
98. Sanz M, Lau L, Herrera D, Morillo JM, Silva A. Methods of 
detection of Actinobacillus actinomycetemcomitans, Porphyromonas 
                                                                                                      
Bibliography 
 
gingivalis and Tannerella forsythensis in periodontal microbiology, 
with special emphasis on advanced molecular techniques: a review. J 
Clin Periodontol. 2004; 31:1034–1047. [PubMed: 15560803] 
99. Siqueira J. F. & Rocas I. N. (2010). The oral microbiota: general 
overview, taxonomy, and nucleic acid techniques. Methods Molecular 
Biology, 666, 55–69. 
100. Sizova MV, Hohmann T, Hazen A, Paster BJ, Halem SR, Murphy 
CM, (2012): New approaches for isolation of previously uncultivated 
oral bacteria. Appl Environ Microbiol 78:194-203 
101. Slots, J. 1976. The predominant cultivable organisms in juvenile 
periodontitis. Scand. J. Dent. Res. 84:1-10. 
102. Socransky, S.S. and Haffajee, A.D. (1994) Evidence of bacterial 
etiology: a historical perspective. Periodontology 2000, 5, 7–25. 
103. Socransky,S.S.,Haffajee,A.D.,Cugini,M.A.,Smith,C.,andKent,R.L.
Jr.(1998). Microbial complexes in subgingival plaque. J. Clin. 
Periodontol. 25, 134–144. doi: 10.1111/j.1600-051X.1998.tb02419.x 
104. Socransky, S.S., Tanner, A.C.R., Haffajee, A.D., Hillman, J.D., and 
Goodson, J.M. (1982). Present Status of Studies on the Microbial 
Etiology of Periodontal Diseases. Washington, DC: American Society 
for Microbiology. 
105. Socransky, S.S., C. Smith, and A.D. Haffajee, Subgingival microbial 
profiles in refractory periodontal disease. J Clin Periodontol, 2002. 
29(3): p. 260-8. 
                                                                                                      
Bibliography 
 
106. Sonnenburg JL, Fischbach MA (2011). Community health care: 
therapeutic opportunities in the human microbiome. Sci Transl Med 3: 
1–5. 
107. Spratt DA (2004): Significance of bacterial identification by 
molecular biology methods. Endodontic Topics. 9, 5-14. 
108. Tal. M, (1980) Periodontal disease and oral hygiene, De.scribed by 
Antonic van Leeuwenhoek, Journal of Periodontologv, 51, 668-669.  
109. Tanner, A.C., Haffer, C., Bratthall, G.T. (1979) A study of the 
bacteria associated with advancing periodontitis in man. J. Clin. 
Periodontol., 6, 278–307. 
110. Tanner, A., Maiden, M.F., Macuch, P.J. (1998) Microbiota of 
health, gingivitis, and initial periodontitis. J. Clin. Periodontol., 25, 85–
98. 
111. Tanner, A., The impact of 16S ribosomal RNA-based phylogeny on 
the taxonomy of oral bacteria. Periodontol 2000, 1994. 5: p. 26-51. 
112. Teles R, Sakellari D, Teles F, Konstantinidis A, Kent R, Socransky 
S (2010). Relationships among gingival crevicular fluid biomarkers, 
clinical parameters of periodontal disease, and the subgingival 
microbiota. J Periodontol 81: 89–98. 
113. The American Academy of Periodontology. Guidelines for 
Periodontal Therapy (Position Paper). J Periodontol 1998;69:396-399. 
                                                                                                      
Bibliography 
 
114. Theilade, E.(1986).Thenon-specific theory in microbial etiology of 
inflammatory periodontal diseases. J. Clin. Periodontol. 13, 905–
911.doi:10.1111/j.1600- 051X.1986.tb01425.x 
115. Tholozan JL, Membré JM, Grivet JP., Physiology and development 
of Pectinatus cerevisiiphilus and Pectinatus frisingensis, two strict 
anaerobic beer spoilage bacteria, Int J Food Microbiol. 1997 Mar 
18;35(1):29-39. 
116. Tian Y, He X, Torralba M, Yooseph S, Nelson KE, Lux R, (2010): 
Using DGGE profiling to develop a novel culture medium suitable for 
oral microbial communities. Molecular oral microbiology. 25:357- 
367.  
117. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight 
R, Gordon JI (2007). The human microbiome project: a strategy to 
understand the microbial components of the human genetic and 
metabolic landscape and how they contribute to normal physiology and 
predisposition to disease. Nature 449: 804–810. 
118. van der Horst J, Buijs MJ, Laine ML, Wismeijer D, Loos BG, 
Crielaard W, Zaura E. 2013. Sterile paper points as a bacterial DNA-
contamination source in microbiome profiles of clinical samples. J 
Dent 41:1297–1301. 
119. Vartoukian, S.R., R.M. Palmer, (2007). "The division 
"Synergistes"." Anaerobe 13(3-4): 99-106. 
                                                                                                      
Bibliography 
 
120. Voelkerding KV, Dames SA, Durtschi JD (2009): Next-generation 
sequencing: from basic research to diagnostics. Clin Chem. 55:641-
658. 
121. Wei Zheng, Maria Tsompana, Angela Ruscitto, Ashu Sharma. An 
accurate and efficient experimental approach for characterization of the 
complex oral microbiota: Microbiome (2015) 3:48DOI 
10.1186/s40168-015-0110-9 
122. Wolff, L.F., Natural distribution of 5 bacteria associated with 
periodontal disease. J Clin Periodontol, 1993. 20(10): p. 699-706. 
123. Wrischnik LA, Higuchi RG, Stoneking M, Erlich HA, Arnheim N, 
Wilson AC (1987): Length mutations in human mitochondrial DNA: 
Direct sequencing of enzymatically amplified DNA. Nuclic Acids Res 
15:529-542. 
124. Wylie, K. M., Mihindukulasuriya, K. A., Zhou, Y., Sodergren, E., 
Storch, G. A. & Weinstock, G. M. (2014). Metagenomic analysis of 
double-stranded DNA viruses in healthy adults. BMC Biology, 12, 1-
10. 
125. Ximenez-Fyvie, L.A., A.D. Haffajee, and S.S. Socransky, 
Comparison of the microbiota of supra- and subgingival plaque in 
health and periodontitis. J Clin Periodontol, 2000. 27(9): p. 648-57. 
126. Zambon JJ, Periodontal diseases: microbial factors. Ann Periodontol. 
1996 Nov;1(1):879 -925 
                                                                                                      
Bibliography 
 
127. Zaura E, Keijser BJ, Huse SM and Crielaard W (2009): Defining 
the healthy "core microbiome" of oral microbial Communities. BMC 
Microbiology 9:259.  
128. Zijnge V, van Leeuwen MB, Degener JE, Abbas F, Thurnheer T, 
Gmur R (2010). Oral biofilm architecture on natural teeth. PLoS One 
5: e9321. 
129. Zheng , Maria Tsompana, Angela Ruscitto, Ashu Sharma, Robert 
Genco, Yijun Sun,and Michael J. Buck, An accurate and efficient 
experimental approach for characterization of the complex oral 
microbiota Microbiome (2015) 3:48 DOI 10.1186/s40168-015-0110-9. 
 
  
 
 
 
Annexures 
Annexures 
 
ANNEXURE I 
                                     CONSENT FORM 
 ………………………………………………………………….…S/o, w/o, d/o 
………………………………………….aged about ……………..…….years, 
Hindu/Christian/Muslim………………………………………….residing at 
………………………………………………………………………do 
solemnly   
And state as follows. 
I am the deponent herein; as such I am aware of the facts stated here under 
I state that I came to Ragas Dental College and Hospital, Chennai for my 
treatment for 
…………………………………………………………………………………
………………………………………………………….……I was examined 
by Dr……………………………………….. and I was requested to do the 
following  
1. Full mouth Plaque Score 
2. Full mouth bleeding score 
3 Measurement of periodontal pocket depth and clinical attachment loss 
Annexures 
 
I was also informed and explained about the collection of plaque 
during scaling in …………………………………(language) known to me. 
I was also informed and explained that  the results of the individual test 
will not  be revealed to the public.I give my consent after knowing full 
consequence of the dissertation/thesis/study and I undertake to cooperate with 
the doctor for the study. 
I also authorise the Doctor to proceed with further treatment or any 
other suitable alternative method for the study, 
I have given voluntary consent to the collection of plaque for approved 
research. 
 I am also aware that I am free to withdraw the consent given at any 
time during the study in writing. 
Signature of the patient/Attendant 
  
  The patient was explained the procedure by me and has understood the same 
and with full consent signed in (English/Tamil 
/Hindi/Telugu?.............................)  before me 
 
Signature of the Doctor 
Annexures 
 
ANNEXURE II 
 
 
